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Middle East respiratory syndrome coronavirus (MERS-CoV) replicates in cells of different species using dipeptidyl peptidase 4 
(DPP4) as a functional receptor. Here we show the resistance of ferrets to MERS-CoV infection and inability of ferret DDP4 to 
bind MERS-CoV. Site-directed mutagenesis of amino acids variable in ferret DPP4 thus revealed the functional human DPP4 
virus binding site. Adenosine deaminase (ADA), a DPP4 binding protein, competed for virus binding, acting as a natural antago- 


nist for MERS-CoV infection. 


n 2012, a previously unknown human coronavirus (CoV), now 
named Middle East respiratory syndrome CoV (MERS-CoV), 
was isolated from the sputum of a 60-year-old man in Saudi Ara- 
bia who presented with acute pneumonia with a fatal outcome (1, 
2). To date, several infection clusters have been reported over a 
1-year period, with around 50% of the reported human cases be- 
ing fatal (3). MERS-CoV represents a novel betacoronavirus spe- 
cies, with the closest known relatives being clade 2c bat CoVs 
detected in bats (4, 5). Although MERS-CoV replicates in cells of 


We recently identified dipeptidyl peptidase 4 (DPP4) as a func- 
tional MERS-CoV receptor in human and bat cells (8). To further 
analyze DPP4 usage by MERS-CoV in vivo, ferrets (Mustela puto- 
rius furo; n = 4), known to be susceptible to several respiratory 
viruses, including severe acute respiratory syndrome CoV (SARS- 
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bats, pigs, and (non-)human primates (6), its ability to infect some Address correspondence to Bart L. Haagmans, b.haagmans@erasmusmc.nl. 
animal species may be restricted given the fact that hamsters were 
shown to resist MERS-CoV infection (7). However, these host 


factors have not been well characterized. 
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FIG 1 Ferrets resist MERS-CoV infection. (A and B) MERS-CoV in throat (A) and nose (B) swabs of ferrets (1 = 4) inoculated with MERS-CoV was tested for 
the presence of human CoV (HCoV-EMC) RNA using a TaqMan assay. Ct, threshold cycle. (C and D) Fluorescence-activated cell sorter (FACS) analyses of DPP4 
staining or S1-Fc binding on ferret kidney cells incubated with either goat anti-DPP4 polyclonal serum or S1-Fc (5 g/ml) followed by incubation with 
fluorescein isothiocyanate (FITC)-labeled rabbit anti-goat IgG antibody or FITC-labeled goat anti-human IgG, respectively (red lines). Normal goat serum, 
feline CoV S1-Fc protein (blue lines), and mock-incubated cells (gray shading) were used as controls. (E) MERS-CoV infection of primary ferret kidney cells 
transfected with a control plasmid or with a plasmid encoding hDPP4, stained for DPP4, S1 binding, and MERS-CoV as described previously (13). 
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FIG 2 Ferret DPP4 does not bind MERS-CoV spike protein. (A) Different plasmids encoding full-length human DPP4, ferret DPP4, or human-ferret DPP4 
chimeras (human-ferret-human and ferret-human-ferret [HFH and FHF, respectively] ) were constructed. (B) DPP4 expression and S1 binding to cells trans- 
fected with different DPP4 constructs as determined by FACS analysis. Each experiment was conducted in triplicate, and the results shown are representative of 
two different experiments. (C) MERS-CoV RNA levels in supernatants of DPP4-transfected cells infected with MERS-CoV at 2 and 20 h after infection using a 
TaqMan assay. Results representative of three different experiments are shown and are expressed as genome equivalents (GE; half-maximal tissue culture 


infectious dose [TCID;,] per ml). 


CoV) and influenza virus (9, 10), were inoculated intranasally and 
intratracheally with a 1 X 10° tissue culture infectious dose 
(TCID,,.) of MERS-CoV. Approval for animal experiments was 
obtained from the Institutional Animal Welfare Committee (no. 
EMC 2808). After MERS-CoV infection, the animals did not 
seroconvert and relatively low levels of input viral RNA were de- 
tected by reverse transcriptase quantitative PCR (RT-qPCR) (8) in 
respiratory swabs only at 1 to 2 days postinfection (dpi) (Fig. 1A 
and B), whereas no infectious virus was detected. In vitro, ferret 
primary kidney cells did not bind recombinant spike protein S1 
(as described in reference 8) and could not be infected with 
MERS-CoV, despite DPP4 surface expression (Fig. 1C and D). 
Transfection of primary ferret kidney cells with human DPP4 
(hDPP4), however, rendered the cells capable of binding S1 and 
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susceptible to MERS-COV infection (Fig. 1E), suggesting that fer- 
ret DPP4 (f{DPP4) does not efficiently bind MERS-CoV. 

Next, we isolated total RNA from ferret primary kidney cells 
using an RNeasy minikit (Qiagen) and cDNA was synthesized by 
using Superscript reverse transcriptase (Life Technologies). Com- 
plete fDPP4 was amplified with specific primers based on the 
available GenBank sequence (accession number DQ266376) us- 
ing Pfu Ultra Il fusion HS DNA polymerase (Stratagene) and 
cloned into the pcDNA 3.1 expression vector (Life Technologies). 
Plasmids were transfected into MDCK cells in triplicate, and after 
24 h of incubation, individual wells were split to determine DPP4 
cell surface expression, $1 binding, and susceptibility to MERS- 
CoV infection on the same transfected cell culture. S1 binding and 
infection were corrected for DPP4 cell surface expression as deter- 
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FIG 3 Characterization of the functional MERS-CoV DPP4 receptor S1 binding site. (A) Amino acid sequence alignment of DPP4 loops 4 and 5 from different 
species. (B) S1 binding assy. Different hDPP4 mutant-transfected cells were harvested and incubated with 5 ug of MERS-CoV-S1-Fc protein, a second step was 
performed with FITC-labeled anti-human IgG, and cells were analyzed by FACS. The error bars indicate standard errors of the means. (C) MERS-CoV infection 
of cells transfected with different hDPP4 constructs. Data in panel B and C were corrected for DPP4 expression of the different constructs (one-way analysis of 
variance [ANOVA] test; *, P< 0.05; **, P< 0.01; n = 3 per group). (D and E) Phylogenetic tree based on the complete DPP4 (D) anda DPP4 fragment containing 
the S1 binding region (residues 246 to 504) (E) of 13 different species. Sequence alignment was performed by using ClustalW in the MEGA5.0 software package 
(www.megasoftware.net), and the trees were constructed by using the neighbor-joining method with P distances (gap/missing data treatment; complete deletion) 


and 1,000 bootstrap replicates as in MEGA version 5.0. 


mined by the goat polyclonal antiserum against DPP4 (R&D Sys- 
tems). As shown in Fig. 2, fDPP4 expressed in MDCK cells did not 
bind recombinant MERS-CoV spike protein (Fig. 2A and B) and 
did not support MERS-CoV infection (Fig. 2C). 

DPP4 is an ectoenzyme that cleaves dipeptides from hor- 
mones, chemokines, and cytokines by the conserved C-terminal 
a/®-hydrolase domain of the protein (11), while its N-terminal 
eight-blade B-propeller domain contains more sequence variabil- 
ity (Fig. 3A). We made DPP4 chimeras utilizing unique restriction 
enzyme sites shared by human and ferret DPP4; PstI can cut hu- 
man and ferret DPP4 into three fragments (for human, amino 
acids 1 to 246, 247 to 504, and 505 to 766; for ferret, amino acids 1 
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to 245, 246 to 503, and 504 to 765). Subsequently, the middle 
fragments of human DPP4 and ferret DPP4 were exchanged, pro- 
ducing human-ferret-human (HFH) or ferret-human-ferret 
(FHF) expression plasmids (Fig. 2A). Blades 4 and 5 containing 
hDPP4 domain (residues 246 to 505) could confer to ferret DPP4 
the ability to bind to S1 and to mediate MERS-CoV infection 
when expressed in nonsusceptible cells (Fig. 2B and C). Subse- 
quently, we made point mutations on selected solvent-exposed 
residues present in blades 4 and 5 of hDPP4 by those occurring at 
these positions in fDPP4 using a Quick Change site-directed mu- 
tagenesis kit (Stratagene). The presence of the correct mutations 
and the absence of undesired mutations were confirmed by se- 
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quencing analysis. Several mutations abrogated DPP4’s capacity 
to bind to S1 and to mediate MERS-CoV cell susceptibility upon 
transfection (Fig. 3B and C), showing that these residues are in- 
volved in MERS-CoV binding and entry. Reciprocal substitutions 
of these amino acids in f{DPP4 on their own, however, did not 
confer S1 binding, demonstrating the complexity of the interac- 
tion in the face of the highly polymorphic nature of these two 
blades (12). Recent data obtained by cocrystallization of the recep- 
tor binding domains of S1 and DPP4 revealed that the 11 amino 
acid residues K267, Q286, T288, A291, L294, 1295, R317, Y322, 
R366, Q344, and [346 present in blades 4 and 5 of the DPP4 B-pro- 
peller domain are critically involved in the interaction with the 
receptor binding domain of MERS-CoV (13, 14). Our data indi- 
cate that at least 6 of 7 residues that are different in f[DPP4 may 
functionally impact the binding of S1. The results of characteriza- 
tion of the DPP4 virus binding site using monoclonal antibodies 
are in line with our data (15). 

Phylogenetic analysis of the complete DPP4 showed that bat 
DPP4, shown to act as a functional MERS-CoV receptor (8), is 
highly divergent from human DPP4 (Fig. 3D). However, phylo- 
genetic analysis of the virus binding region of DPP4 indicated that 
human, macaque, horse, and rabbit DPP4 now clustered together 
with cattle, pig, and bat DPP4, which are somewhat more distantly 
related (Fig. 3E). Small animals, including ferret and mice, are 
more divergent with respect to the DPP4 virus binding region, 
which, at least in the case of ferrets, has consequences for MERS- 
CoV binding. 

Some of the identified residues (especially Q286 and L294) 
have been shown to be crucial in binding human enzyme adeno- 
sine deaminase (ADA) (16), a natural DPP4 ligand (17). Recom- 
binant ADA (5 pg/ml) competed with S1 (5 g/ml) for binding to 
DPP4 when tested on MDCK cells transfected with hDPP4 (Fig. 
4A). In line with these observations, MERS-CoV infection of 
hDPP4-transfected cells was inhibited by ADA (Fig. 4A). Limited 
infection was also observed in Huh7 cells preincubated with dif- 
ferent concentrations of recombinant ADA but not in cells prein- 
cubated with a control protein (Fig. 4B). In this study, we did not 
compare different concentrations of S1 and ADA that block infec- 
tion. However, compared to previous results obtained (18), at 40 
pg/ml ADA seems to block MERS-CoV infection of Huh7 cells 
more efficiently. These results reveal that ADA may act as a natu- 
rally occurring antagonist able to block binding and infection with 
MERS-CoV. 

Our findings demonstrate that the host range potential of the 
emerging novel human MERS-CoV is primarily determined by 
the MERS-CoV binding to DPP4. The inability to infect ferrets 
with a nonfunctional DPP4 further supports the crucial role of 
DPP4 in MERS-CoV entry. Both the site-directed mutagenesis 
and ADA experiments point to the crucial role of a few amino 
acids in blades 4 and 5 of the B-propellor region of DPP4 for 
binding MERS-CoV (12-14). ADA plays a central role in the dif- 
ferentiation and maturation of the lymphoid cells (16, 17, 19). 
Colocalization with adenosine receptors found on dendritic cells 
causes increased production of proinflammatory cytokines and 
T-helper cell costimulation (20). Although ADA is present in dif- 
ferent human tissues, in serum, and in some body fluids, paracrine 
production by lymphoid cells may result in relatively high ADA 
concentrations sufficient to locally block MERS-CoV. The fact 
that ADA may limit infection of cells by binding to the virus bind- 
ing site may be of importance in the pathogenesis of MERS-CoV 
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FIG 4 Natural antagonist ADA blocks MERS-CoV binding and infection. (A) 
hDPP4 plasmid-transfected MDCK cells were preincubated with 5 wg of re- 
combinant ADA for 1 h, after which the cells were analyzed for $1 binding, 
DPP4 staining, and MERS-CoV infection. On hDPP4-transfected cells, ADA 
blocks S1 binding and MERS-CoV infection despite the expression of DPP4, 
visualized by fluorescent staining for DPP4, $1, and MERS-CoV, respectively. 
(B) Recombinant human ADA (R&D Systems)-preincubated Huh7 cells were 
infected with MERS-CoV for 8 h and processed. ADA (open bars) but not 
recombinant human angiotensin-converting enzyme 2 (rACE2) (closed bars) 
dose-dependently blocked MERS-CoV infection of Huh7 cells. Results repre- 
sentative of three different experiments are shown (one-way ANOVA test; *, 
P< 0.05; n = 3 per group). 


but may also provide clues to help develop other antagonists for 
the DPP4-mediated entry of MERS-CoV. 
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